Background and Purpose-Future demographic changes predict an increase in the number of patients with atrial fibrillation. As long-term anticoagulation for the prevention of ischemic strokes becomes more prevalent, the burden of warfarin-associated intracerebral hemorrhage (W-ICH) is likely to grow. However, little is known about the clinical aspects and pathophysiologic mechanisms of W-ICH. This study describes the development of a mouse model of W-ICH in which hematoma growth and outcomes can be correlated with anticoagulation parameters. Methods-CD-1 mice were treated with warfarin (2 mg/kg per 24 hours) added to drinking water. ICH was induced by stereotactic injection of collagenase type VII (0.075 U) into the right striatum. Hemorrhagic blood volume was quantified by means of a photometric hemoglobin assay 2 and 24 hours after hemorrhage induction. Neurologic outcomes were assessed on a 5-point scale.
T he number of patients with atrial fibrillation will increase at least 2.5-fold within the next 5 decades, reflecting the growing proportion of elderly individuals. 1, 2 In parallel, the widespread use of oral anticoagulants for the prevention of atrial fibrillation-associated ischemic stroke will increase in importance. Consequently, a growing burden of warfarinassociated intracerebral hemorrhage (W-ICH), the most serious complication of long-term anticoagulation, can be expected. [3] [4] [5] At present, Ϸ8000 to 10 000 cases of W-ICH are estimated to occur in the United States every year. 6 W-ICH is an iatrogenic but particularly deadly form of stroke, with a shortterm mortality rate Ͼ50% that has not improved over time. 6 -8 To date, our knowledge on the clinical aspects of W-ICH is mainly based on retrospective studies and patient series. The majority of these have been limited by difficulties to adjust for a number of confounding factors. Some studies suggested a larger hematoma size in patients with W-ICH compared with spontaneous ICH in nonanticoagulated patients, 9 -11 but others did not confirm this finding. 12, 13 Whether a correlation exists between the intensity of anticoagulation and hematoma size remains controversial. 9, 12, 14 More consistently, a higher rate of hematoma expansion after a certain time point 12, 15 and a worse clinical outcome 5, 8, 11, 12 have been reported in W-ICH patients.
At the present time, no widely accepted consensus exists about the optimal treatment for W-ICH. Current treatment guidelines for W-ICH may reflect mostly expert opinions rather than results from randomized, clinical trials. 4, 6 The underlying pathophysiologic mechanisms of W-ICH remain murky, in part due to the lack of suitable animal models. Activation of the coagulation cascade and the production of thrombin are known to be important steps in cell damage and blood-brain barrier disruption after ICH. It therefore seems plausible that W-ICH that potentially contains noncoagulated blood will induce a different tissue reaction than spontaneous ICH. 16, 17 This study aimed to characterize a mouse model of W-ICH that can be used as a reliable basis for future studies on the clinical and pathophysiologic aspects of the disease, as well as for preclinical testing of new therapeutic approaches. 18 As a first point of interest, the influence of the level of anticoagulation on hemorrhagic blood volume, hematoma size, hematoma enlargement, and neurologic outcome was studied.
Materials and Methods

Animals
All experiments were performed according to an institutionally approved protocol in accordance with the National Institute of Health's guide for the care and use of laboratory animals. For the entire study, male CD-1 mice age 12 to 16 weeks were used. One set of animals (nϭ46) was used to determine values of the international normalized ratio (INR) at baseline and at certain time points after warfarin administration. A second set of animals (nϭ99) was used to study hemorrhagic blood volume, hematoma size, hematoma enlargement, and neurologic outcome after hemorrhage induction in both anticoagulated and nonanticoagulated (control, C) mice.
Warfarin Administration
Because warfarin is known to be highly soluble in water, 19 we chose to administer warfarin by oral uptake through bottled drinking water. A 5-mg Coumadin tablet (warfarin sodium, crystalline; Bristol Myers Squibb) was dissolved by stirring in 375 mL tap water. If one assumes a body weight of 40 g and a water consumption of 15 mL/100 g per 24 hours (see www.fau.edu/research/ovs/VetData/ mouse.php), this dosage corresponds to a warfarin uptake of 0.08 mg (2 mg/kg) per mouse during 24 hours. Similar doses of warfarin were previously shown to effectively prolong prothrombin time in rodents. 20, 21 Warfarin administration in the drinking water was always started at Ϸ10 AM.
INR Measurements
While the mice were under deep anesthesia, a peritoneal midline incision was performed and 0.6 mL blood was drawn from the inferior caval vein with a 1-mL syringe and a 25-gauge needle. Blood was transferred to glass tubes (BD Vacutainer) containing 66.6 L citrate. Measurements of INR values and prothrombin time were performed on a routine analyzer platform in the Hematology Laboratory of Massachusetts General Hospital. Reference values for prothrombin time in CD-1 mice have been published elsewhere. 22 
ICH Induction
While the mice were under isoflurane anesthesia (1.5% to 2%) with spontaneous respiration in a nitrous oxide/oxygen mixture, a small borehole was drilled, and a 32-gauge 0.5-L microinjection needle (Hamilton, 7000 series) was slowly lowered into the right striatum at the following coordinates from the bregma: 0.0 mm anterior, 2 mm lateral, and 3.5 mm depth. During a period of 5 minutes, 0.5 L of saline containing 0.075 U collagenase VII-S (Sigma) or saline alone was injected. 23 The needle was left in place for 10 minutes and then slowly removed over 5 minutes. Afterward, the borehole was sealed with bone wax, the scalp was sutured closed, and the mice were allowed to recover. The whole surgical procedure lasted Ϸ35 minutes for each mouse. A heat lamp was used to maintain animal body temperatures.
Measuring Hemorrhagic Blood Volume by Quantitative Hemoglobin Content Determination
Two or 24 hours after hemorrhage induction, mice under deep (5%) isoflurane anesthesia underwent transcardial perfusion with 30 mL phosphate-buffered saline. Brains were removed, separated into left and right hemispheres, and placed in glass tubes containing 3 mL phosphate-buffered saline. After 30 seconds of homogenization, ultrasound was applied for 1 minute to lyse erythrocytic membranes. After centrifugation for 30 minutes (13 000 rpm, 4°C), 250 L supernatant was added to 1000 L Drabkins reagent. With use of a photometer, absorption rates were determined at 540 nm, and hemorrhagic blood volumes were calculated for the entire brain (both hemispheres) on the basis of a standard curve. Mice that were found dead in their cages 24 hours after hemorrhage induction were not eligible for transcardial perfusion before measurements were made. In these cases, we subtracted 2.1 L from the total hemorrhagic blood volume determined for these brains. This value was found to be the mean difference in hemorrhagic blood volume between 3 unperfused and 3 perfused brains (data not shown).
Measuring Hematoma Size by Computer-Assisted Outlining of Brain Slices
Two and 24 hours after hemorrhage induction, mice were humanely killed under deep (5%) isoflurane anesthesia. Brains were removed and cut in slices according to a 1-mm mouse brain matrix. Under standardized conditions, images of the brain slices were taken with a digital camera. Hematoma size was calculated by ImageJ software (http://rsb.info.nih.gov/ij/). First, a binary image was created by using the software's "make binary" function, in which the hematoma areas appear black and the remaining brain tissue, white. Second, an automated measurement of hematoma size (ie, black areas on the binary image) was performed. In 10 randomly selected brains, we compared the hematoma size as derived from the automated measurement with the results of a manually performed volumetry by a coworker who was blinded to all other results of the study. Linear regression analysis showed a very high correlation between the 2 methods (R 2 ϭ0.976, PϽ0.001; unstandardized residuals: minimumϭϪ4.66 mm 3 , maximumϭ6.23, SDϭ3.24).
Outcome Assessment
At 2 and 24 hours after hemorrhage induction, neurologic deficits were assessed on a 5-point outcome scale and a standard hanging wire test. For the 5-point scoring scale, mice were placed at the center of a stainless steel plate. Their spontaneous motion activity was videotaped for 60 seconds. If mice stopped moving during the observation period or did not move at all, they were picked up by the tail and again placed at the center of the plate to stimulate movements. In addition, a 30-second sequence was recorded to document forepaw activity when the mice were suspended by the tail. In a blinded fashion, videotapes were rated for neurologic status on a simple 5-point scale, which was adapted from a previously published version 24 : 0ϭno apparent deficit; 1ϭslight deficit, eg, extension deficit of right forepaw or slight instability during walking, but no circling; 2ϭcircling to the right with at least some straight movements and some covering of distance; 3ϭheavy circling to the right without straight movements or no movements at all; and 4ϭdeath. For the hanging wire test, mice were gently placed on the wire until they had achieved a firm grip with their paws. The period of time to falloff was recorded. A maximum of 60 seconds of hanging was allowed, and the test was repeated 3 times for every mouse. Presurgical training was not performed. Twenty-four hours after hemorrhage induction, weight loss as an indirect parameter of stroke severity was also determined (percentage weight lossϭ [prehemorrhage weightϪposthemorrhage weight]/prehemorrhage weightϫ100).
Statistical Analysis
We used SPSS version 12.0 (SPSS Inc, Chicago, Ill) for statistical analysis. Hemorrhagic blood volume and hematoma size were compared between groups with the t test. Statistical analysis of ordinal data was performed with the 2 test. The Pearson and Spearman rank tests were used for correlation analysis between hemorrhagic blood volume, hematoma size, and outcome.
Results
INR Kinetics
In C animals, mean INR values were found to be 0.8Ϯ0.1 (range, 0.8 to 0.9; nϭ5), corresponding to a mean prothrombin time of 10.3Ϯ0.6 seconds (range, 9.7 to 11.1 seconds). On termination of warfarin administration, INR values remained stable for 6 hours and then dropped to normal values within the next 18 hours. In view of these results, we decided to use C animals as well as animals after 24 (W-24) and 30 (W-30) hours of warfarin treatment for investigating hemorrhagic blood volume, hematoma size, hematoma extension, and neurologic outcome (see study protocol in Figure 2 ).
ICH Induction
After 24 and 30 hours of warfarin treatment, mice demonstrated no observable signs of inner or external bleeding. All animals survived the surgical procedure of ICH induction. As demonstrated by sham-operated C, W-24, and W-30 animals (nϭ3 per group), the surgical procedure itself, including craniotomy, needle insertion into the striatum, and application of 0.5 L saline, did not cause relevant intracerebral or subarachnoid bleeding. Figure 3 shows representative images of the needle track through the brain in sham-operated animals. Trace amounts of blood along the needle track and around the insertion point at the brain surface appeared to increase in parallel with INR values, but parenchymal (ie, striatal) hematoma or subarachnoid hemorrhage could not be identified. Furthermore, neurologic deficits were not apparent in sham-operated mice 24 hours after surgery (blindly rated; scoreϭ0 for all 9 sham-operated animals), and weight loss was not detected (Cϭ2.0Ϯ1.7%, W-24ϭϪ1.7Ϯ1.5%, W-30ϭ1.0Ϯ1.7%; see Figure 5C ). Within the entire study, only 1 of 66 warfarin-treated animals developed a superficial subarachnoid hemorrhage on the ipsilateral cortex. This animal was excluded and replaced within the study protocol. Basal subarachnoid hemorrhages did not occur, although the intracerebral hematoma sometimes reached the outer parts of the cortex in severe cases.
Hemorrhagic Blood Volume Assessed by Quantitative Hemoglobin Content Determination
Two hours after hemorrhage induction, hemorrhagic blood volume (Figure 4 ) was 7.1Ϯ1.7 L in C animals, 14.4Ϯ3.2 L in W-24 animals, and 13.5Ϯ8.5 L in W-30 animals (C vs W-24, Pϭ0.002; C vs W-30, Pϭ0.134; nϭ5 per group). Twenty-four hours after hemorrhage induction, hemorrhagic blood volume was 7.0Ϯ1.5 L in C animals. Warfarintreated animals showed a 2.5-fold and a 3.1-fold increase in mean hemorrhagic blood volume compared with untreated animals (W-24ϭ17.7Ϯ9.1 L, Pϭ0.019; W-30ϭ21.9Ϯ11.9 L, PϽ0.001; nϭ10 per group). Hemorrhagic blood volumes did not significantly differ between the W-24 and the W-30 groups (Pϭ0.128). To assess the question of hematoma growth, we calculated the relative increase in hemorrhagic blood volume from 2 to 24 hours after hemorrhage induction, which was found to be Ϫ1.4% for C animals, 22.9% for W-24 animals, and 62.2% for W-30 animals.
Hematoma Size Assessed by Computer-Assisted Outlining of Brain Slices
Between C and W-24 animals, mean hematoma size 24 hours after hemorrhage induction was not significantly different (32.3Ϯ7.7 vs 37.4Ϯ7.0 mm 3 , Pϭ0.143), but the W-30 group showed a significantly larger hematoma size (64.4Ϯ24.8 mm 3 ) compared with C animals (PϽ0.001) and with W-24 animals (Pϭ0.001, nϭ10 per group). Correlation between hemorrhagic blood volume (measured by quantitative hemoglobin content determination) and hematoma size (determined by outlining of brain slices) revealed nonsignificant results for the 2-hour groups (RϭϪ0.122, Pϭ0.666) and a trend toward significance for the 24-hour groups (Rϭ0.332, Pϭ0.073). However, it has to be mentioned that assessment of hematoma size is not yet practicable in W-30 animals, as some blood was found to be fluid even after 24 hours, thus aggravating precise measurement due to smudging and smearing effects (see Figure 3) . The given values for hematoma size of the W-30 group therefore should be interpreted with caution.
Mortality and Neurologic Outcomes
In parallel with an increasing intensity of anticoagulation, the 24-hour mortality rate increased from 0 of 20 in C animals to 2 of 20 in W-24 animals and to 6 of 20 in W-30 animals (C vs W-24, Pϭ0.147; C vs W-30, Pϭ0.008). Figure 5A shows the neurologic outcome at 2 and 24 hours after hemorrhage induction. Even at 2 hours after hemorrhage induction, the number of animals with a good or moderate outcome (scoreϭ0 to 2) was significantly diminished in the W-24 and W-30 groups compared with the C group (Pϭ0.007, Pϭ0.025, respectively). Twenty-four hours after hemorrhage induction, there was a trend for W-24 mice to have a worse outcome compared with C mice (Pϭ0.113), but only the W-30 group reached the level of significance (Pϭ0.003). A significant correlation was obtained between outcome and hemorrhagic blood volume (RϭϪ0.379, Pϭ0.039) as well as between outcome and hematoma size (RϭϪ0.473,
Pϭ0.008).
Figure 5B shows the results from the hanging wire test. The proportion of mice that were able to hang on the wire for at least 60 seconds was significantly lower in W-24 compared with C animals (Pϭ0.005). For the W-30 group, this comparison did not reach significance (Pϭ0.242). However, owing to the high mortality rate in the W-30 group, a certain positive selection bias may have occurred.
Weight loss after 24 hours was significantly higher in W-24 animals compared with C animals (see Figure 5C ; Pϭ0.012). However, weight loss was not significantly different between C and W-30 animals (Pϭ0.187). Once again, a selection bias may have occurred because of the high mortality rates in the latter group.
Discussion
Our study characterizes for the first time an experimental model of W-ICH in mice that may provide a reliable basis for studying both the clinical and pathophysiologic aspects of the disease as well as for performing preclinical therapeutic studies. Administering the highly water-soluble warfarin (2 A previous study investigated the time course of anticoagulant effects in mice after oral administration of warfarin at a 
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single dose of 3 mg/kg and found a sharp peak in prothrombin time prolongation 18 hours after treatment. 21 Both baseline prothrombin time values and the maximum Ϸ6-fold prothrombin time prolongation are comparable to our findings. Besides being easier to handle than oral feeding at a single time point, administration of warfarin in drinking water may result in a flatter INR kinetics curve with more stable values during collagenase-induced hematoma formation. However, the INR values in our mouse model showed a certain diversity, particularly after a 30-hour feeding period. This might be due to either individual differences in warfarin metabolism or individual variations in daily water consumption, leading to different amounts of warfarin intake. Our model of W-ICH was derived from the wellestablished collagenase model of ICH in mice, 23 but modifications were undertaken to avoid intraperitoneal injections of anesthetic drugs. Despite having impaired coagulation, shamoperated animals of both the W-24 and W-30 groups did not show parenchymal or subarachnoid hemorrhage. Considering the entire study, the risk for subarachnoid hemorrhage was low (1/66 anticoagulated animals). These data suggest that the model of collagenase-induced ICH can be reliably and safely applied with a 32-gauge needle in anticoagulated mice.
Our study is the first to provide experimental data on how hemorrhagic blood volume and neurologic outcome depend on the level of anticoagulation. Our data suggested a 2.5-fold increase in hemorrhagic blood volume after 24 hours in warfarin-treated animals with INR values near the therapeutic range used in humans compared with those in C animals. W-ICHs that occurred with INR values beyond the therapeutic range resulted in a 3.1-fold increase of hemorrhagic blood volume. A caveat is that we did not determine individual INR values in animals used for hemorrhage induction. So we could not directly assess whether a relation existed between INR values and hemorrhagic blood volumes, an issue that was previously discussed controversially in human studies. 9, 12, 14 However, in a comparison between W-24 and W-30 animals as groups, a 106% increase in mean INR value was accompanied by only a 24% increase in mean hemorrhagic blood volume. These data suggest the existence of a certain limit of hemorrhagic blood volume rather than a linear relation. In concordance with clinical studies, 8 we found that an increasing mortality rate appeared to track with increasing INR values.
Interestingly, despite a higher hemorrhagic blood volume (measured by quantitative hemoglobin content determination) in W-24 animals compared with C animals, hematoma size (measured by computer-assisted outlining of brain slices) was not significantly different between these groups. Thus, we speculate that the density of the hematoma (ie, the ratio of hemorrhagic blood volume and hematoma size) was higher in W-ICH (0.47 L/mm 3 ) than in non W-ICH (0.22 L/mm 3 ) animals. The increased density of the hematoma may lead to a greater degree of tissue destruction within the clot, which may worsen neurologic outcome (see Figure 3) . Our findings in part explain the discrepant results regarding hematoma size in human W-ICH studies. Whereas some authors reported significantly larger hematoma size in W-ICH, 9 -11 others did not. 12, 13 However, a worse clinical outcome in W-ICH was consistently reported. 5, 8, 11, 12 In our study, the larger hemorrhagic blood volumes in W-ICH mice were unambiguously matched with a higher mortality rate and a worse neurologic outcome compared with C mice. In this context, it might be interesting to investigate in our model whether and when the large amounts of blood entering the brain lead to a critical increase in intracranial pressure and subsequent cerebral herniation. Future studies may focus on comparing these parameters between W-ICH and ICH that occurs in nonanticoagulated animals.
Some clinical studies have reported that a blood sedimentation level reflecting uncoagulated blood can be found in W-ICH. 25 Our study supports this finding, as we were able to detect uncoagulated blood in the brains of the W-30 group after 24 hours, leading to smearing effects when cutting the brains in a 1-mm matrix (see Figure 3) . For this reason, quantification of hematoma size on 1-mm slices is difficult. From a technical standpoint, this mouse model of W-ICH is better quantified with the hemoglobin assay.
Our study design also allowed us to investigate hematoma enlargement. Previous studies in humans have described a higher rate of hematoma enlargement in W-ICH after a certain time point in comparison with ICH in nonanticoagulated patients. 12, 15 Our experimental model supports these clinical findings. In fact, we could not identify any hematoma growth between 2 and 24 hours after hemorrhage induction in C animals. In contrast, W-24 and W-30 animals showed considerable hematoma enlargement between 2 and 24 hours after hemorrhage induction (22.9% and 62.2%, respectively). Thus, our study supports the hypothesis that the time window of ongoing bleeding is prolonged in W-ICH. This is important, because it suggests that there may be a window of opportunity for hemostatic treatment to prevent further hematoma growth. 6 However, this window may be narrow. By 2 hours, hemorrhagic blood volume was already 2.0-fold higher in W-24 animals and outcome was significantly worse compared with C animals. Thus, based on our animal model, treatment at very early time points might be most beneficial.
Several caveats have to be considered when translating our experimental results to human W-ICH. First, the time course and extent of collagenase-induced hematoma formation in the mouse model may be different from that in humans. We do not know whether a similar degree of anticoagulation (assessed by INR measurement) in mice and humans results in a similar relative increase in hemorrhagic blood volume. In this context, it is also important to mention that different types of coumarin with different half-lives are being used for longterm anticoagulation in humans (ie, coumadin, phenprocoumon). Furthermore, our model investigated collagenaseinduced hematoma formation originating from the striatum. Translated into human W-ICH, this would mimic deep hemispheric hemorrhage rather than lobar hemorrhage, particularly if the latter arises from amyloid angiopathy or vascular malformations. Pathophysiologically, it remains unclear whether differences exist between W-ICH and ICH under normal coagulation conditions in terms of neuronal death, edema formation, blood-brain barrier damage, and inflammatory response. Further studies are needed to investigate the time course of these parameters after hemorrhage induction. This may include the issue of rebleeding, which was shown to occur more frequently in W-ICH, even at later time points. 12 However, in the mouse model, it is very difficult to sustain an appropriate state of anticoagulation after hemorrhage induction because withdrawal of warfarin will result in a rather fast normalization of INR values (ie, within 24 hours).
In conclusion, our study characterized a reliable experimental model of W-ICH in mice. It may be helpful in obtaining further insight into the pathophysiology of human W-ICH and may be used for testing the efficacy of treatment strategies, such as hemostatic therapy, for ameliorating the devastating outcomes of this severe subtype of stroke.
